. And yet, a great deal the 6 frame translation of all available human sequences remains unknown about the molecular pathways that and identified multiple putative exons with similarity to lead to the diversity of neurons that sense "touch" and the transmembrane domains 4 and 6 of VR1. We were that enable these neurons to translate mechanical or able to amplify a fragment of the mouse homolog of one thermal stimuli into action potentials.
Figure 1. TRPM8 Is a Member of the Melastatin Subfamily of TRP Channels and Is Expressed Predominantly in Dorsal Root Ganglia (DRGs)
.
Translation of the nucleotide sequence of TRPM8 2G-2I). This observation is confirmed by the lack of TRPM8 coexpression with either CGRP or IB4, two wellpredicts a protein composed of 1104 amino acid residues ( Figure 1A) 
Menthol, a compound commonly used for its cooling
To investigate the membrane responses to cold and menthol, we carried out voltage clamp experiments on properties, was tested as a stimulus on TRPM8-expressing CHO cells. Nontransfected CHO cells were com-TRPM8-expressing cells. Temperature ramps from 35ЊC to 7ЊC-13ЊC evoked inward currents at a holding potenpletely insensitive to menthol (tested up to 1 mM; Figures  4A and 4B) . However, upon treatment of TRPM8 cells tial of Ϫ60 mV and outward currents at ϩ40 or ϩ60 mV. Currents increased in amplitude as the temperature was (incubated at 25ЊC), intracellular fluorescence increased significantly within seconds in response to menthol conlowered and usually showed some degree of desensitization at the coldest temperatures tested (Ͻ10ЊC; Figure centrations of 10 M and 100 M (Figures 4A and 4B) . Additionally, as with the temperature stimulus, depletion 5A). The temperature threshold for current activation showed no dependence on membrane potential, and of calcium from the extracellular buffer suppressed the calcium response ( Figures 4A and 4B) . We next tested individual cells activated at temperatures between 19ЊC and 25ЊC, with a mean threshold of 21.79ЊC Ϯ 0.64ЊC the effect menthol had at different temperatures. Incubation of TRPM8-expressing cells at 33ЊC revealed that (n ϭ 5). Analysis of the current-voltage relationships of the response to a cold stimulus with CsCl-filled re-10 M menthol did not induce a calcium response as observed at 25ЊC, but upon lowering the temperature cording pipettes and a typical NaCl-based external solution revealed an outwardly rectifying current with a reto 30ЊC, intracellular calcium levels increased ( Figure  4C) . Menthol thus appears to mimic the effect of lowversal potential (E rev ) close to 0 mV, which is typical of a nonselective cation channel ( Figure 5B ). ering the temperature on TRPM8-expressing cells. Application of menthol-evoked rapidly activating curto higher temperatures, which agrees with our calcium imaging experiments. To test this idea further, we obrents in TRPM8-expressing cells, but not in nontransfected CHO cells, at temperatures above the threshold tained concentration-response curves for mentholevoked currents at two temperatures (22ЊC and 35ЊC), for cold activation (Ͼ23ЊC; Figure 6A ). The menthol-activated current showed pronounced outward rectification using positive membrane potentials to increase the size of the currents (Figures 7A and 7B) . The concentration-( Figure 6B) with an E rev of Ϫ9.28 Ϯ 0.75 mV (n ϭ 12) that is similar to the E rev for the cold-activated current under response relationship was shifted to the left at the lower temperature with a marked increase in the maximum the same ionic conditions. These currents could be inactivated by raising the temperature (Figure 6A ), sugamplitudes ( Figures 7A and 7B) . We next used changes in E rev to determine the ion selectivity of the mentholgesting that menthol shifts the threshold for activation ). Here, we show that poorly between these cations (data not shown). From the changes in E rev measured on individual cells (external another relative, TRPM8, is instead activated by cold stimuli. We have furthermore found that TRPM8 is exNaCl to KCl gave a shift of ϩ7.38 Ϯ 1.43 mV, n ϭ 7; NaCl to CsCl gave a shift of ϩ9.09 Ϯ 0.36 mV, n ϭ 5), pressed in a very select group of dorsal root ganglia (DRG) neurons that share characteristics of thermorewe calculated a permeability sequence of Cs Ͼ K Ͼ Na with P Cs /P Na ϭ 1.43 and P K /P Na ϭ 1. Schafer et al., 1986 ). Our observation that TRPM8-expressing cells are activated and modulated by menthol reinforces the idea that TRPM8 indeed functions as a cold-sensitive channel in vivo. The finding that the sensitivity to menthol is dependent on temperature is consistent with the behavior of a subset of isolated DRG neurons that show a raised "cold" threshold in the presence of menthol (Reid and Flonta, 2001b). The mechanism of TRPM8 activation by cold is not yet known: TRPM8 could be directly gated by cold stimulus through a conformational change, or cold temperatures could act through a second messenger system that in turn activates TRPM8. Our experiments do not distinguish between these possibilities, although the rapid activation by menthol would suggest a direct gating mechanism, at least for this mode of activation. The expression pattern we have documented for TRPM8 is consistent with a role in cold thermoception. First, we have found TRPM8 mRNA to be highly specific to DRG neurons, as might be expected. Within the DRG, TRPM8 is expressed in the small-diameter nonmyelinated neurons, which correspond to the c fiber thermoreceptor and nociceptors (Scott, 1992). The lack of TRPM8 expression in trkA knockout mice, whose DRGs lack all thermoreceptor and nociceptive neurons, corroborates this finding. Futhermore, the lack of coexpression with VR1, CGRP, or IB4 in the adult suggests that TRPM8 is expressed in a unique population of DRG neurons distinct from well-characterized heat nociceptors. Both soma size of neurons that express VRL-1 (medium-large neurons) and their coexpression with NF200 (80% coexpression; Caterina et al., 1999) strongly argues that cells expressing TRPM8 and VRL-1 are also distinct. Therefore, by using various markers we have shown that divergent. All three, however, act as calcium-permeable We have discovered that cells overexpressing TRPM8 nonselective cation channels. Further work on the relashow increased intracellular calcium levels when subtionship between structure and function of these chanjected to cold temperatures ranging from 23ЊC to 10ЊC nels may reveal much about how thermal energy is trans-(the lower limit of our temperature-controlled perfusion mitted into neural activity. Given that humans can detect system). The calcium influx and electrophysiological temperature variations as small as 1ЊC, it is likely that other channels and receptors are involved in temperastudies demonstrate that TRMP8 is a nonselective (1/1000; Chemicon) and was detected with FITC or CY3 (10 g/ml; Jackson Immunoresearch). Although all panels shown in these studMolecular Cloning of mTRPM8 ies demonstrate lack of coexpression, this was not due to technical For PCR cloning, primer 163f (5Ј-CAAGTTTGTCCGCCTCTTTC) and issues since additional probes/antibodies were used as controls to 164r (5Ј-AACTGTCTGGAGCTGGCAGT) were designed from the ensure our double-labeling protocol with the TRPM8 in situ probe HMM sequences for TRPM8 as a result of blast hits and used to was working (data not shown). amplify a 699 nucleotide fragment of TRPM8 from newborn DRG cDNA. From this initial sequence and exon prediction programs, rapid amplification of cDNA ends (RACE) PCR (Clontech) was used Generation of Mouse TRPM8-Expressing CHO Cell Lines to obtain the 5Ј and 3Ј ends of TRPM-8 from mouse newborn DRG Mouse TRPM8 cDNA was subcloned in pcDNA5 (Invitrogen) and cDNA following the manufacturer's protocol.
transfected into CHO-K1/FRT cells using Fugene 6 (Roche). The transfected cells were selected by growth in MEM medium containing 200 g/ml hygromycin (GIBCO-BRL). Populations were froExpression Analysis zen at early passage numbers, and these stocks were used for Northern blots were made as follows: total RNA was purified from further studies. Stable clones that expressed the mRNAs were idenmouse newborn and adult tissues using TRIzol LS (Invitrogen/ tified by Northern blot analysis as well as Southern blotting to con-GIBCO Life Technologies), followed by poly(A) ϩ purification with firm integration site (not shown). Oligotex (Qiagen) according to the manufacturer's protocols. Approximately 3 g of sample was electrophoresed on 1% glyoxal gels, transferred, and hybridized at high stringency with a 32 P-labeled 
Accession Numbers
The GenBank accession number of TRPM8 is AF481480.
